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We utilized a strain of mice, derived from a radiation mutagenesis experiment and carrying an activity-attenuated allele
of the X-linked enzyme glucose-6-phosphate dehydrogenase (G6PD), to analyze the development of the cell lineage leading
to cerebellar Purkinje neurons. Due to random X inactivation during early embryonic development, X-linked genes can
be used to distinguish between clonally related populations of cells in X inactivation mosaics. Following histochemical
staining for G6PD activity, the numeric proportions of Purkinje cells expressing either the wild-type or the mutant enzyme
and the spatial distribution of these cellular phenotypes and their relation to anatomically and genetically de®ned cerebellar
compartments were analyzed. Our data suggest that cerebellar Purkinje neurons originate from a limited pool of some 129
precursors. The size of this pool is different from the one derived from chimeric mice, allowing us to deduce the relative
timing of Purkinje cell lineage restriction. Our data also show that Purkinje neurons of distinct lineage are extensively
intermingled within the cerebellar cortex. Together, these ®ndings suggest both a role for cell±cell communication in the
development of genetically de®ned cerebellar compartments and a temporal window during which such cellular interactions
may take place. q 1996 Academic Press, Inc.
INTRODUCTION ular levels, the biochemical, cellular, and functional differ-
entiation of the cerebellar cortex (for reviews, see Oberdick,
The generation of the vast array of functionally and mor- 1994; Hatten and Heintz, 1995). Differential expression of
phologically diverse cells that make up the vertebrate cen- a variety of molecular markers by Purkinje neurons revealed
tral nervous system requires the precise coordination of sets the existence of an essentially cell-autonomously encoded
of genetic programs which direct the fate of individual cells. map which subdivides the cerebellar cortex beyond the level
Two basic mechanisms, one based on cell±cell interactions, accessible to conventional cytological analysis and which
the other one on cell lineage, have been implicated to ensure may be instrumental to its functional partitioning during
this coordination pivotal to the proper development of the development (for reviews, see Hawkes and Gravel, 1991;
nervous system (for reviews, see McKay, 1989; Spitzer, Oberdick, 1994). Purkinje neurons have also been found to
1991; Lewin, 1994). A long-standing quest of developmental regulate the establishment of an appropriate complement
neurobiology has been to unravel how, when, and to what of cerebellar granule cells (Herrup and Sunter, 1987; Vogel
extent these mechanisms cooperate to bring about the gen- et al., 1989; Smeyne et al., 1995) and to modulate the devel-
eration of a de®nitive yet functionally plastic neuronal net- opment of their afferent neurons in the inferior olive (Wetts
work. and Herrup, 1982b; Zanjani et al., 1994). Based on the re-
Of the vertebrate CNS, the cerebellum has proven a par- sults from a series of intriguing experiments using chimeric
ticularly proli®c paradigm to address these issues. A series animals constructed from wild-type and Lurcher mutant
of natural and engineered mutations affecting the structure mice (Wetts and Herrup, 1982a; Herrup, 1986; Herrup and
and function of the murine cerebellum, in particular, has Sunter, 1986; Vogel and Herrup, 1993), it has been con-
cluded that Purkinje neurons themselves originate from aprovided an inroad to analyze, at the genetic and the molec-
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the animals used in this study had been backcrossed for at least 18small, genetically determined number of precursors. The
generations to C3H/El mice. Both the wild-type and the mutant Xeven expansion of each of these precursors is expected to
chromosome carry the Xcea allele (Peters and Ball, 1990). Femalegive rise to a quantal complement of lineage-related Pur-
mice heterozygous at the G6pd locus (G6pda/G6pda-m2Neu) werekinje neurons, which ultimately will get dispersed through-
obtained by crossing hemizygous males to wild-type femalesout the cerebellar cortex (Herrup, 1986; Herrup and Sunter,
a-m2Neu/±) 1 (a/a). A total of 12 cerebella from heterozygous
1986). Together, these studies support a model according to G6pd mice were analyzed in this study. Cerebella of wild-type
which the cellular scaffold provided by Purkinje cells for C3H (G6pda/G6pda) females and of hemizygous mutant males
the organization and development of the cerebellar circuitry (G6pda-m2Neu/±) were used as controls. In all animals used, the phe-
ensues from a cell autonomous, and in fact rather determin- notype was con®rmed by assessing G6PD activity in blood, as de-
istic (Mead et al., 1987) early phase of Purkinje cell develop- scribed in detail previously (Pretsch et al., 1988). The age of all
ment. animals investigated ranged from 50 to 90 days.
Histochemistry. The animals were deeply anesthetized withYet this view of Purkinje cell development has not gone
4% chloralhydrate (0.1 ml/g body weight) and killed by cervicalunchallenged. Both problems related to the developmental
dislocation. Brains were quickly removed and frozen in liquid nitro-biology of chimeras and methodological issues concerning
gen. They were stored in liquid nitrogen until further use. Brainsthe statistical approach chosen have been marshalled to
were mounted with Tissue Tek embedding medium (Miles, Elk-question the conclusions drawn from the studies of Purkinje
hart, IN, U.S.A.). Serial 16-mm cryostat sections were cut at 0187C,cell lineage. Speci®cally, it has been suggested that the nu-
and every third section was collected and thaw-mounted on cov-
merical quanta of Purkinje cells in Lurcher »± ± … wild-type erslips. G6PD activity was demonstrated by incubating sections in
chimeras may re¯ect some early event of cell allocation, media containing 5 mM nitroblue tetrazolium, 0.8 mM Na2-NADP,
such as the formation of the inner cell mass (Soriano and 10 mM glucose-6-phosphate, 5 mM MgCl2 , 10 mM NaN3, 0.32 mM
Jaenisch, 1986), and not be related to the formation of the phenazine methosulfate, and 30% (w/v) polyvinyl alcohol (average
Purkinje cell lineage per se (Jennings, 1988). On a more molecular weight 30 1 103 to 70 1 103; cold water soluble; Sigma
P8136) in 50 mM Tris±HCl at pH 7.4 for 30 min at 377C (Teutsch,technical level, it has been criticized that the precision re-
1981; Rieder et al., 1978). After washing in water, sections wereported for the analyses in question would be insuf®cient to
routinely counterstained with methyl green±pyronine (Sigma), airsupport (or reject) the model proposed (Mead et al., 1987).
dried, and mounted in Entellan (Merck, Darmstadt, FRG).The debate about these issues (Jennings, 1988; Herrup, 1988;
Cell counts and reconstructions. To be counted as a PurkinjeMead et al., 1987; Vogel and Herrup, 1993) has so far been
neuron, a cell had to (i) be located in the Purkinje cell layer, (ii)greatly hampered by the lack of an independent experimen-
have a large cytoplasm, and (iii) have at least part of its nucleus
tal paradigm suited to test the predictions derived from the visible in the section (Wetts and Herrup, 1982a). As a consequence
analysis of cerebellar development in chimeric mice. of the characteristic dispersal of Purkinje cells in a single cell layer,
We now addressed the issue of Purkinje cell lineage using these neurons appear arranged in a single row of cells in most
X chromosomal mosaic mice. We sought to take advantage parts of sections cut in either plane. This allows the unambiguous
of the known differences between chimeras and mosaics identi®cation of the direct neighbors, within the plane of sec-
(e.g., McLaren, 1976, Chapter 9) to obtain a complementary tioning, for any given Purkinje cell. Evenly spaced sections covering
all regions of the cerebellum were chosen for analysis. We recorded,view of early cerebellar development. Moreover, we tried
for each section analyzed, the G6PD phenotype (called G6PDA forto establish a model suitable to analyze the topographic
cells expressing G6pda, and G6PDA-M2 for cells expressingorganization of lineage-related Purkinje cells. We have
G6pda-m2Neu) of continuous sets of neighboring Purkinje cells. Fur-made an initial attempt to relate Purkinje cell lineage to
thermore, the following positional parameters were recorded forthe formation of functional compartments within the cere-
each Purkinje cell: the number of the lobule in which the cell wasbellum by comparing the pattern of mosaicism to the pat-
located, its position within the lobule (anterior/posterior or dorsal/
tern of bands revealed by expression of a Purkinje cell-spe- ventral, respectively), and its position relative to the midline. Areas
ci®c marker gene (Oberdick et al., 1993). This latter compar- in which the plane of sectioning ran tangentially through the Pur-
ison is based on the observation that the functional kinje cell layer and in which a particular Purkinje cell had more
compartmentation of the cerebellum appears to be corre- than two direct visible neighbors within the section were excluded
lated with the molecular banding pattern of a variety of from this numerical analysis. From these data, the numbers of
G6PDA and G6PDA-M2 Purkinje cells were derived separately forPurkinje cell markers (Gravel et al., 1987; for reviews see
the left and the right halves of the anterior (lobules I±V) and poste-Hawkes and Gravel, 1991; Oberdick, 1994).
rior (lobules VI±X) lobus of the cerebellum. The rationale to treat
each hemi-cerebellum as an independent set of data is based on
previous observations demonstrating that the Purkinje cell popula-
MATERIALS AND METHODS tions in the two cerebellar halves apparently develop independently
of each other and do not cross the midline (Altman and Bayer,
1985; Otero et al., 1993; Vogel and Herrup, 1993 and referencesAnimals. Glucose-6-phosphate dehydrogenase (G6PD) is an X-
therein; see also Musci and Mullen, 1992). The subdivision alonglinked enzyme in the mouse as it is in man (Peters et al., 1988).
the ®ssura prima (running between lobules V and VI) is based onThe G6pd mutant strain of mice used in this study originated from
a series of studies which used genetic (Napieralski and Eisenman,a mutagenesis experiment carried out in Neuherberg. In the experi-
1993; see also references in Tano et al., 1992), molecular (Tano etment, (102/El 1 C3H/El)F1 male mice were exposed to 3 Gy of
al., 1992; Oberdick et al., 1993), and lineage markers (Mullen, 1978;ionizing radiation (Pretsch, unpublished results). The mutation,
called G6pda-m2Neu was maintained on a C3H/El background, and Oster-Granite and Gearhart, 1981) for Purkinje neurons and concur
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as to clearly set apart the development of the anterior lobe (lobules clustering, and negative values suggest inhibition (repulsion). The
signi®cance limits for0L(d) were obtained by Monte Carlo simula-I±V) from that of the posterior lobe.
tion. For a detailed discussion of the rationale and technicalitiesFor graphical reconstructions, camera lucida drawings of histo-
of this approach, see Ripley (1977), Diggle (1986), and Upton andchemically stained sections viewed at 200 ±4001 magni®cations
Fingleton (1985; pp. 87 and 255).were obtained. Purkinje neurons, along with prominent landmarks
such as blood vessels and general contours, were graphed. Drawings
were digitized, and individual drawings were combined and graphi-
cally processed using standard graphical software. These recon- RESULTS
structions were also used to scrutinize the G6PD phenotype of
Purkinje cells located in distinct L7-de®ned compartments, as de-
When compared to wild-type C3H mice (100% G6PD ac-lineated by the differential expression of de®ned mutants of the L7
tivity), female mice homozygous for the G6pd mutationgene (Oberdick et al., 1993).
(G6pda-m2Neu/G6pda-m2Neu) had a residual blood G6PD activ-Statistical analysis. The cell counts as described above corre-
ity of 29 { 2% (mean { 1 SD; n  12), and hemizygousspond formally to a random sample from a population of ®nite
(G6pda-m2Neu/± ) males had a blood G6PD activity of 33 {size, with each element being classi®ed according to its phenotype
(G6PDA or G6PDA-M2). The statistics for such a sample have been 5% (n 11). Heterozygous (G6pda/G6pda-m2Neu) females had
worked out in detail, and an explicit expression to estimate the a blood G6PD activity of 65 { 7% (n  7). Thus, at least
precision of a proportion derived from it has been presented (Coch- some functional enzyme is expressed from the mutant lo-
ran, 1977). We used this procedure to obtain the con®dence limits cus. While the the G6PD mutation in this mouse has not
for the proportion (fraction) of G6PDA Purkinje cells. This fraction been characterized at the molecular level, this suggests that
was calculated by dividing the number of G6PDA Purkinje cells it is due to a structural mutation which results in decreased
counted in the area analyzed by the total number of Purkinje cells
catalytic activity and corresponds to a class III defect ac-(i.e., G6PDA plus G6PDA-M2) found in that same area. The size
cording to the classi®cation used for human G6PD mutantsof the sampled population used for this calculation corresponds to
(Pretsch et al., 1988; Vulliamy et al., 1992). Thus, this mu-the total number of Purkinje cells per hemi-cerebellum, i.e.,
tant is phenotypically very close to the previously describedamounts to some 81,600 ({3%) cells in C3H mice (Herrup, 1986).
G6pda-m1Neu mutant (Pretsch et al., 1988).The G6PDA fractions in individual hemi-cerebella and among dif-
ferent regions within the same hemi-cerebellum were compared In brains derived from G6pda/G6pda wild-type C3H mice,
using the G statistic as described by Sokal and Rohlf (1969, Chap- G6PD histochemistry resulted in robust and particularly
ter 17). heavy labeling of Purkinje cells, such that the Purkinje cell
To estimate the primordial pool size of murine cerebellar Pur- layer and the molecular layer, containing the Purkinje cell
kinje cells, we followed the rationale and procedures detailed by dendrites, were stained in deep blue (Fig. 1a). Under the
McMahon et al. (1983). Brie¯y, this type of analysis is founded on staining conditions adopted, the labeling intensity of Pur-
the assumption that the variability observed in the ratio of the
kinje cells throughout the cerebellum appeared equallytwo cell types under scrunity between different animals and their
strong. Moreover, under these staining conditions the resid-tissues arises from the ``drawing'' of sets of cells from a common
ual activity intrinsic to the mutant G6PD encoded by thepool (e.g., allocation) and/or their labeling (e.g., X-inactivation).
G6pda-m2Neu gene results in a very weak to virtually absentHence, numerical analysis of this variability may be used to guess
staining (Fig. 1b), which can be readily distinguished fromthe cell numbers involved in these developmental events (Nesbitt,
1971; McLaren, 1972; Lewis et al., 1972; McMahon et al., 1983). the heavy staining seen in G6pda-expressing Purkinje cells.
To analyze the spatial distribution of G6PDA and G6PDA-M2 The staining pattern seen in G6pda/G6pda-m2Neu heterozy-
Purkinje cells, two approaches were chosen. The single rows of gous animals was strikingly patchy. Interspersed between
Purkinje cells typically seen in sections through the cerebellum heavily blue labeled Purkinje cells were unstained areas
(see above) may be considered one-dimensional transects through spanning both the Purkinje cell and molecular layers. This
a two-dimensional array of data. As a ®rst step to analyze the spatial gave the cerebellar cortex an appearance remotely reminis-
arrangement of Purkinje cells of distinct lineage, we subjected con- cent of a piano keyboard. At higher magni®cation, it became
tinuous sets (transects) of neighboring Purkinje cells of identi®ed
obvious that the unstained areas indeed contained Purkinjephenotype to a run test procedure (Sokal and Rohlf, 1969; Upton
neurons (Fig. 1c). Counterstaining with methyl green±pyro-and Fingleton, 1985). These transects were taken randomly from
nine resulted in a distinct reddish staining of the cytoplasmthroughout each cerebellum, and each contained at least 20 Pur-
of G6PDA-M2 Purkinje cells (Fig. 1d). This greatly facili-kinje cells. The information from all transects analyzed in any one
tated the distinction of G6PDA and G6PDA-M2 Purkinjecerebellum was combined into a single numerical value using the
Fisher statistic (Upton and Fingleton, 1985, p. 240). cells, and counterstained sections were used for the numeri-
In the few cases where tangential sections provided a direct view cal and topographic analyses described below.
of the two-dimensional arrangement of Purkinje cells, we applied
a nearest-neighbor analysis to appraise their spatial relationship.
To this end, we utilized Ripley's K(d) statistic (Ripley, 1976, 1977). Numerical Analysis and Estimation of Purkinje
The results of this analysis are plotted as 0L(d) versus d. L(d) is Cell Precursor Pool Size
de®ned such that L(d) is equal to d0 [K(d)/p]1/2. K(d) here represents
The proportion of G6PDA and G6PDA-M2 Purkinje cellsthe observed frequency of events (cells) within distance d of a ran-
was determined in a total of 12 cerebella. For each cerebel-domly chosen cell. The expected frequency for a random (Poisson)
lum, representative sections covering all areas were evalu-distribution is pd2. Thus, for a random distribution, 0L(d) will take
a value of zero. Any positive value of 0L(d) points to some sort of ated, and some 728 to 12,498 (median, 5387; mean 5723)
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From the G6PDA fractions listed in Table 1, an estimate
of the initial cell pool from which Purkinje cells develop
was derived. The theory behind the approach adopted here,
its rationale, and the actual numerical procedures have been
presented by McMahon et al. (1983; cf. also Stone, 1983).
This analysis is based on the assumption that the observed
variability of G6PDA fractions arises from two sequential
binomial sampling events, yielding n1 and n2 cells, respec-
tively. The ®rst sampling has been considered to correspond
to X inactivation, and the second one to tissue foundation
(Nesbitt, 1971; McMahon et al., 1983; McLaren, 1972;
Lewis et al., 1972). We used a two-way analysis of variance
(Sokal and Rohlf, 1969) to locate the sources of variability
inherent to the data in Table 1. No systematic differencesFIG. 2. Fractions of glucose-6-phosphate dehydrogenase positive
between cerebellar subdivisions were detected in the(G6PDA) Purkinje cells in 24 hemi-cerebella of G6pda/G6pda-m2Neu
G6PDA fractions when the differences were averaged overheterozygous female mice. The fraction of G6PDA Purkinje cells
all animals (Table 2; P  0.1). This ®nding is consistentfor each hemi-cerebellum was calculated by dividing the number
with the notion that all cerebellar subdivisions are derivedof G6PDA Purkinje cells by the total number of Purkinje cells
by random sampling of the same pool of cells after X inacti-counted in the same hemi-cerebellum. The 95% con®dence inter-
vals shown were calculated following Cochran (1977; see Materials vation. From the variances listed in Table 2, an estimate of
and Methods). The fractions are arranged according to their numeri- 44 cells is obtained for n1, and an estimate of 129 cells
cal value to point out the fact that G6PDA fractions do not occur is obtained for n2, the number of Purkinje cell precursors.
in discrete quanta of integer multiples of 0.125 (horizontal lines), Approximate con®dence limits for n1 and n2 may be deline-
as predicted by the model based on the analysis of chimeras (see ated based on the assumption that the variances used to
text for references). calculate these values are proportional to a x2 distribution
(Nesbitt, 1971; McMahon et al., 1983). The 95% con®dence
interval for n2 (36 degrees of freedom (df)) was calculated to
range from 75 to 191. The relatively small number of mice
Purkinje cells were classi®ed per hemi-cerebellum. In Fig. available to estimate n1 means that the variability of n1
2, the G6PDA fractions of individual hemi-cerebella are (11 df), judged independently, is intrinsically high (15±95;
ordered according to their numerical value and shown along McMahon et al., 1983). A more constrained range of values
with their 95% con®dence intervals, calculated according that n1 may reasonably take may be obtained considering
to Cochran (1977). One point obvious from Fig. 2 is that that n1 and n2 are interdependent. Nesbitt (1971) has shown
the fraction of G6PDA Purkinje cells was 0.5 in only 6 of that this dependence may be described mathematically by
the 24 hemi-cerebella analyzed. In the other 18 it was the expression 1/N  1/n1 / 1/n2 0 1/(n1n2). N, here, is a
smaller. This 6/18 ratio is not compatible with the notion variable corresponding to the (hypothetical) number of cells
that the sample originates from a population in which both which would explain all of the observed variability if it were
the G6PDA and G6PDA-M2 phenotypes are equally repre- due to a single sampling event. Its value can be calculated
sented (G 6.151 x20.05[1]  3.841; G test, Sokal and Rohlf, either directly from the total observed variability (var  p
1969), as would be expected granted that X chromosome (1 0 p)/N), or from n1 and n2. Our data yield a value of 34
inactivation is a random process and that no cell selection for N. The 95% con®dence interval for N (47 df) derived
occurs. The numbers of Purkinje cells surveyed per hemi- analogously to that for n2 ranges from 22 to 50. Based on the
cerebellum and the proportions of G6PDA Purkinje cells relationship linking n1, n2, and N and the extreme values
calculated for the lobus anterior and posterior, separately of N and n2 de®ned by their 95% con®dence intervals, a
for the left and right halves of each cerebellum are summa- con®dence interval for n1 ranging from 31 to 67 cell may
be calculated.rized in Table 1.
FIG. 1. Histochemical demonstration of glucose-6-phosphate dehydrogenase activity in the murine cerebellar cortex. (a) In the cerebellum
of G6PD wild-type animals (G6pda/G6pda), high G6PD activity is observed in all Purkinje cells, resulting in a uniform and intense blue
staining of Purkinje cell bodies and dendrites throughout the cerebellum. Not counterstained. (b) Under identical staining conditions, the
labeling for G6PD activity in the cerebellum of hemizygous (G6pda-m2Neu/±) male mutant mice is uniformly low. In this non-counterstained
section, tissue structure is barely discernible. (c) In heterozygous G6PD mutant animals (G6pda/G6pda-m2Neu), heavily G6PD-stained blue
Purkinje cell bodies are found scattered throughout the ganglionic layer. Arrows indicate two Purkinje cells expressing the activity of an
attenuated, mutant enzyme. (d) After counterstaining, reddish G6PDA-M2 (mutant) expressing Purkinje cells can be clearly distinguished
from dark blue G6PDA (wild-type) expressing Purkinje cells. All micrographs were obained from horizontal sections through lobule VI.
Bar, 40 mm.
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TABLE 1
Numerical Analysis of G6PDA Purkinje Cell Fractions and Summary of the Run Test Assay for Spatial Randomness
No. of cells Fraction (p) of G6PDA Purkinje Cells
No. of transects
Mouse Left Right I. ant. I. post. r. ant. r. post. analyzed
1 5660 5114 0.4681 0.5151 0.4904 0.5549 Ð
4 6152 7725 0.3969 0.3794 0.4164 0.3980 182c
5 11710 12498 0.4915 0.4883 0.4953 0.4666 184*
8n 9357 6905 0.4036 0.3711 0.3790 0.3927 152*
9a 4902 4172 0.3206 0.3003 0.3062 0.3391 100
33 4476 4998 0.4584 0.4768 0.2630 0.3496 125
34 728 2781 0.4887 0.5810 0.4481 0.4706 Ð
40 6429 6889 0.3277 0.4049 0.4163 0.4679 Ð
40f 4228 5635 0.4797 0.5114 0.4264 0.4240 103
41 6464 7198 0.3123 0.3019 0.2853 0.2720 161c
49 3795 4485 0.5538 0.5581 0.5207 0.5604 81
51 5876 9121 0.4969 0.4843 0.4291 0.4322 68c
Note. r, right; l, left; ant., anterior; post, posterior. The asterisk indicates that combined statistical analysis of all transects shows a
deviation (P  0.05) from a random order. ``c'' indicates that the test statistic closely approaches, but does not exceed the signi®cance
limit.
An important point to consider when judging these num- cerebella compared, both ranged well within the limits pre-
dicted by the con®dence intervals derived from the samplebers is that the values of n1, n2, and N were calculated under
the tacit assumption that all of the observed variability is statistics. Second, a de®ned set of Purkinje cells from a
randomly chosen section was evaluated independently byindeed intrinsic to the data. The observed variance, how-
ever, also includes variance due to error of measurement. ®ve independent experimenters. The fraction of G6PDA
Purkinje cells derived from these counts again rangedOur analysis provides an estimate of the overall extent of
experimental error, as represented in the 95% con®dence clearly within the con®dence limits predicted. These re-
sults attest to the validity of the values presented in Fig. 2.intervals of the individual G6PDA fractions (Fig. 2). To as-
certain how this analytically (Cochran, 1977) derived esti- On average, the experimental variance attributable to
measurement error was equal to 0.00027 (corresponding tomate of the precision of the G6PDA fractions compares to
the actual precision obtained in repeated measurements, an average standard deviation of 1.65 percentage points).
This experimental variance must be subtracted from thewe used two additional approaches. First, the fractions of
G6PDA Purkinje cells calculated from complete counts ob- total observed variance (0.0071) to obtain an estimate of the
true variability of the data (Falconer and Avery, 1978). Fromtained independently by two experimenters (M.L.S., B.R.)
for six hemi-cerebella (both hemispheres for animals m33 this corrected variance, a numerical value of 36 can be cal-
culated for N. It is obvious from the above mentioned rela-and m51; left hemisphere for mice m49 and m9) and their
respective subdivisions were compared. The values derived tionship between N, n1 , and n2 that any increase in the
value of N will also increase the values of n1 and/or n2.from both counts differed, on average, by 3.1 ({1.6)%. When
the two counts obtained for each individual hemi-cerebel- Just to what extent these two values are affected is hard to
fathom, as we have no independent means to estimate howlum were compared, it turned out that, in all six hemi-
the experimental error of the total variance partitions be-
tween the two variances used to derive n1 and n2.
In summary, our data suggest that X inactivation occurs
TABLE 2 independently in about 44 cells, and Purkinje neurons are
Analysis of Variance of the Two Factors ``Mouse'' and derived from some 129 precursors. If allowance is made
``Cerebellar Subdivision,'' Based on the Data Listed in Table 1 for experimental error, both numbers should be corrected
upward.
Source of
variability df SS MS Fs
Between mice 11 0.2659 0.0242 13.873; P  0.001 Spatial Organization of Purkinje Neurons
Between cerebellar
Visual inspection of individual cerebella of all 12 hetero-subdivisions 3 0.0106 0.0035 2.028; P  0.1
Residue 33 0.0575 0.0017 zygous mice at low magni®cation suggested that Purkinje
neurons of either phenotype are by and large randomly scat-
Total 47 0.3340 0.0071
tered throughout the cerebellar cortex. To evaluate the top-
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ographical distribution of the two types of Purkinje neurons consistent with the dense but random packing of Purkinje
cells. Finally, the fact that the trace describing the relation-in more detail, we ®rst compared the G6PDA fractions
within individual cerebella. Appreciable (and statistically ship between G6PDA and G6PDA-M2 Purkinje cells (Fig.
3e) takes signi®cantly negative values for d up to about 50signi®cant; P 0.05; G test, Chapter 17 in Sokal and Rohlf,
1969) differences were found between the anterior and pos- mm suggests some inhibition between the two cell types.
Analysis of the second tangential section mentioned aboveterior lobes in 9 out of 24 hemi-cerebella, and between the
right and left hemi-cerebella in 9 of the 12 cerebella ana- gave essentially identical results.
lyzed. The differences between individual hemi-cerebella
ranged from 1.6 to 14.2 percentage points and averaged 5.4
({1.4)%; that between the anterior and posterior part of DISCUSSION
individual hemi-cerebella ranged from 2.3 to 8.7 percentage
points, averaging 5 ({2.2)%. In the present study, we utilized X chromosomal mosaic
mice to conduct a retrospective analysis of Purkinje cellNext, we used a run test procedure to analyze the spatial
distribution of G6PDA and G6PDA-M2 Purkinje cells on a lineage and to infer its early development. The basic experi-
mental strategy followed was to assess the proportions andmicroscopic level. Nine randomly chosen cerebella were
included in this analysis, and continuous sets (transects) of topographic organization of two genetically and phenotypi-
cally distinct types of Purkinje neurons. Our analysis bearsPurkinje neurons, each comprising at least 20 cells, were
picked at random from all sections available. Between 68 many parallels with previous studies in which chimeric
mice were used (e.g., Wetts and Herrup, 1982a; Oster-Gran-and 184 transects were analyzed this way per cerebellum
(total number, 1156; Table 1). This analysis showed that ite and Gearhart, 1981; Mullen, 1978; Vogel and Herrup,
1993), with the notable difference that mosaicism in ourin two of the nine cerebella analyzed, the arrangement of
Purkinje cells deviated signi®cantly (P  0.05) from a ran- model results from naturally occurring X inactivation. Chi-
meras, in contrast, rely on the composition of genotypicallydom order. In three additional animals, the test statistic
was close to the limit of signi®cance, but did not exceed more or less dissimilar cellular populations with the inher-
ent risk of differential proliferation (Chapter 10 in McLaren,it. While this result may suggest that the arrangement of
Purkinje cells, in general, is not completely random (see 1976; Goldowitz, 1989) and chimeric drift (Warner et al.,
1977; Soriano and Jaenisch, 1986). There is no a priori reasonDiscussion), the run test used does not provide any hints
as to the structure of the underlying order. Moreover, the to suggest that either the data obtained in mosaics or chime-
ras are more valid, and our data do not directly address thissectioning and G6PD staining procedures used are not really
amenable to large-scale three-dimensional reconstruction. issue. Rather, we sought to take advantage of the known
differences between chimeric animals and mosaicsFortunately, the occurrence of tangentially sectioned parts
of the Purkinje cell layer provides a means to get at least (McLaren, 1976, Chapter 9) to synthesize the results ob-
tained from both experimental approaches into an inte-some impression of the two-dimensional arrangement of
Purkinje cells of different G6PD phenotype. A camera lu- grated view of the development of cerebellar Purkinje cells.
cida drawing of one such tangential section is shown in Fig.
3a. To further pursue the issue of how G6PDA and G6PDA- Numerology of Purkinje Cell DevelopmentM2 Purkinje cells relate to each other in the two-dimen-
sional plane, we directly scrutinized the spatial relationship In Lurcher »± ±… wild-type chimeras, the paradigm pre-
viously used (Wetts and Herrup, 1982a; Herrup and Sunter,of these cells in tangential sections obtained from two ani-
mals using a nearest-neighbor analysis. These tangential 1986; Vogel and Herrup, 1993) to estimate numbers of Pur-
kinje cell precursors, the Lurcher Purkinje neurons eventu-sections compromised 268 and 245 Purkinje cells respec-
tively, and the analysis of the latter section is shown in ally die, and only wild-type Purkinje cells can actually be
analyzed. In contrast, both genotypically distinct popula-Fig. 3. The graphs shown in Figs. 3b±3e provide substantial
information about the data. First, the similarity (Fig. 3b) tions of Purkinje cells can be evaluated in G6pda/
G6pda-m2Neu X inactivation mosaics. A distinct advantagebetween the curves describing the distribution of G6PDA
and G6PDA-M2 cells, respectively, suggests that the pat- (Mead et al., 1987) of this difference is that the data from
X inactivation mosaics can be analyzed using statistical pro-tern of dispersal of each of these populations are very simi-
lar, if not identical. This interpretation is consistent with cedures (Cochran, 1977) that also provide a measure of the
experimental error. This allowed us to present reliable con-what is known of the formation of the Purkinje cell layer
and the notion that the mutant X chromosome used as a ®dence intervals for our numerical estimates, based on the
actual data rather than some estimate of the presumed pre-marker here does not affect the developmental fate of the
Purkinje cells expressing it. Second, the straight negative cision.
In their origin, chimeras and X inactivation mosaics differdeviation of the two traces from zero for values of d less
than about 20 mm (Figs. 3c and 3d) indicates that no two in two major respects. First, X mosaics differ genetically
only at those loci for which they are heterozygous on X;cells are separated by less than about 20 mm. This distance
corresponds to the physical dimensions of individual Pur- genetic differences between the two components of chime-
ras are usually, though not always, much greater (McLaren,kinje cell bodies, and the fact that 0L(d) immediately ap-
proaches zero for values of d greater than about 20 mm is 1976). Second, the heterogeneity in chimeras arises earlier
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than in mosaics (i.e., around Day 2.5 post coitum (p.c.),
when the two embryos are fused), and virtually momen-
tarily. In contrast, X inactivation is a protracted and progres-
sive process (Kay et al., 1993; Tan et al., 1993; Tam et al.,
1994). It should be noted that the number of cells deter-
mined by retrospective statistical analysis (Nesbitt, 1971;
McMahon et al., 1983), as used here, refers to the number
of cells in which X inactivation is independently initiated.
McMahon et al. (1983) analyzed the variegation of phospho-
glycerate kinase (GPK-1) isozyme levels in various murine
tissues of GPK-1 heterozygous mice and estimated that X
inactivation is independently initiated in 47 cells of the
embryo proper. Our estimate that X inactivation is indepen-
dently initiated in some 44 embryonic cells is in excellent
agreement with this value. Considering that all somatic
tissues within the embryo undergo X inactivation, and tak-
ing into account the approximate numbers of cells which
make up the murine embryo during any given develop-
mental stage (Snow, 1977), one may use the number of cells
in which X inactivation is independently initiated to infer
the approximate time frame during which inactivation
commences. In agreement with the results obtained by
McMahon et al. (1983), our data suggest that this occurs
around Day 4.5±5.5 p.c. It is in this same temporal window
that molecular events presently considered to be critically
involved in the initiation of X inactivation in the embryo
proper have been described to occur (Kay et al., 1993, 1994;
Ariel et al., 1995). The slight overall preponderance of the
expression of the X chromosomes carrying the G6pda-m2Neu
allele is consistent with previous observations (Nesbitt,
1971) and explained, both in its direction and order of mag-
nitude, by the paternal inheritance of the X chromosome
on which the mutant allele is located (Peters and Ball, 1990).
Whereas the number of cells in which X inactivation is
FIG. 3. Topographic dispersal of Purkinje cells as seen in a tangen-
tially cut portion of the Purkinje cell layer of a G6pda/G6pda-m2Neu
heterozygous mouse. (A) Camera lucida reconstruction of a major
tangentially cut part of the Purkinje cell layer. This ®gure was
reconstructed from a series of camera lucida drawings obtained
using a 401 objective and 101 eyepieces. G6PDA Purkinje cells
are shown as ®lled, and G6PDA-M2 Purkinje cells as open circles.
Cells located within the marked rectangle were included in the
formal statistical analysis presented in B ±E. The shorter side of
this rectangle runs parallel to the sagittal axis. Bar, 250 mm. (B±
E) Plot of the statistic, 0L(d), describing the spatial relationship
between individual cells separated by distance d, versus d. In B,
0L(d) for G6PDA cells (solid line) and for G6PDA-M2 cells (dashed
line) is shown together with that describing the relationship be-
tween these two types of cells (dotted line) to facilitate comparison
of the three curves. In C±E, the individual curves for G6PDA Pur-
kinje cells (C), G6PDA-M2 Purkinje cells (D), and for the two cell
types (E) is given together with the con®dence envelopes from 99
Monte Carlo simulations under the assumption of complete spatial
randomness. There is a clearcut negative deviation for all three
curves from zero for d less than 20 mm, and also a negative deviation
for 0L(d)G6PDA/G6PDA-M2 for values of d smaller than 50 mm. See text
for an interpretation.
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initiated is in full agreement with published data, our esti- time of lineage allocation. Speci®cally, Falconer and Avery
(1978) have pointed out that any estimate of precursor cellmate that cerebellar Purkinje cells originate from some 129
precursors appears to be at odds with the value of 16 precur- numbers based on a statistical approach assuming binomial
sampling will be biased if sampling occurs not at random,sors (in C3H mice, the strain of mice used in the present
study) derived from the analysis of chimeric animals (Wetts but rather if a set of precursors is sampled from a tissue in
which cells of like marker-type form coherent patches (cf.and Herrup, 1982a; Vogel and Herrup, 1993). Still, it must
be noted that our ®ndings concur with those obtained in also McLaren, 1976, Chapter 10). Is there any evidence that
the overall distribution of labeled cells (i.e., their degreechimeras in indicating that the Purkinje cell lineage can be
traced back into the early phase of CNS development, and of patchiness) is different for the chimeric marker and the
marker provided by X inactivation? How might such a dif-that Purkinje cells originate from a rather limited pool of
precursors. The difference in actual numbers observed is ference be accounted for? The marking achieved by the for-
mation of chimeras and X inactivation occurs at Days 2.5clearly not a consequence of the different numerical ap-
proaches chosen. When the G6PDA fractions in individual and 5.5 p.c., respectively. Moreover, in the embryo proper,
X inactivation occurs randomly and independently of priorhemi-cerebella are ordered according to their numerical
value (Fig. 2), the small increments seen from one hemi- tissue development. Thus, any coherent clonal growth oc-
curring between Days 2.5 and 5.5 p.c. will differentiallycerebellum to the next directly show that our data, when
analyzed by the ``minimum descendant clone size'' method affect the distribution of the two markers and consequently
result in a divergence of precursor cell numbers estimated(Rossant, 1984) as used by Herrup and co-workers (Wetts
and Herrup, 1982a; Vogel and Herrup, 1993), again suggest from the two models, even if their biological development
(i.e., everything except the marking, which is considered tothat Purkinje cells derive from a substantial number of pre-
cursors. If all Purkinje cells were to originate from eight be developmentally neutral) were absolutely comparable,
and even if the precursors under scrutiny would be formedprecursors (per hemi-cerebellum), formed after X inactiva-
tion, we would expect that the G6PDA fractions, too, take after this period, i.e., the above questions may be reduced
to the question whether, in the murine embryo, coherentdiscrete values of integer multiples of 0.125, ranging from
0 to 1. This is clearly not the case. clonal growth occurs between Days 2.5 and 5.5 p.c. The
data presented by Garner and McLaren (1974) provide directA ®rst critical point in discussing this apparent discrep-
ancy is to de®ne what may be called a ``precursor cell.'' A experimental evidence that tissue expansion indeed occurs
in a coherent clonal mode in murine chimeras during thedetailed discussion of this issue has been presented
(McLaren, 1972, 1976, Chapter 10; Lewis et al., 1972); suf- questionable period; these ®ndings concur with results ob-
tained in frog embryos, in which the expansion of individu-®ce it here to restate that a cell may be considered a precur-
sor when its ``presumptive fate becomes predictable, that ally marked clones could be directly observed, without re-
sorting to the chimera technique (Jacobs and Fraser, 1994).is, at the time when we can ®rst be certain [. . .] which
cells [. . .] will contribute at least some progeny to the To summarize this argument, what is known about tissue
expansion in the early murine embryo is consistent withtissue in question (and perhaps other of their progeny to
other tissues)'' (quoted from Lewis et al., 1972). An equiva- the view that both the chimeric and the X inactivation
studies may describe the Purkinje cell lineage at the samelent de®nition was also adopted by Herrup and colleagues
(e.g., Herrup and Sunter, 1986). time point, and that the divergent numbers obtained in both
studies are a statistical re¯ection of developmental pro-Two basic explanations may be invoked to rationalize
the differences in precursor cell numbers reported here and cesses prior to X inactivation.
The differences between chimeras and mosaics just dis-those obtained from the analysis of chimeras (Wetts and
Herrup, 1982a; Vogel and Herrup, 1993; Herrup and Sunter, cussed relate directly, and exclusively, to the timing of a
marking event considered not to affect development per se.1986). First, both studies may describe the same lineage,
but refer to different time points in its development. If so, Yet it has also been surmised that the marking achieved by
the formation of chimeras might not be developmentallythen the fact that the quanta of eight (per hemi-cerebellum)
reported by Herrup and co-workers (Wetts and Herrup, neutral (see Introduction and ®rst two paragraphs of Discus-
sion for references). The careful matching between the two1982a; Vogel and Herrup, 1993) are not re¯ected in our X-
chromosomal mosaics implies that the delineation of the genotypes used by Herrup (1986), and the rather minor dif-
ferences in the Purkinje cell precursor estimates derivedprecursors as de®ned by the chimera studies must have
occurred prior to X inactivation, i.e., before Day 5.5 p.c. from chimeras of different genetic composition (Herrup,
1986; Herrup and Sunter, 1986) appears to argue against a(see above). However, the divergent precursor cell numbers
derived from the studies of chimeras and X inactivation true biological difference as a useful explanation for the
numerical differences in the precursor cell numbers ob-mosaics are also compatible with the view that both ap-
proaches describe the same cell lineage at the same time served in chimeras and X inactivation mosaics.
Whichever of the above interpretations may come closerpoint after X inactivation (after Day 5.5 p.c.). The rationale
underlying this view becomes apparent when one recalls to reality, all imply that the numerical quanta in the Pur-
kinje cell lineage as revealed by the studies of chimeric micethat the cell numbers estimated by the statistical proce-
dures that were used to analyze both models critically de- (Wetts and Herrup, 1982a; Herrup and Sunter, 1986; Vogel
and Herrup, 1993) are remnants of some early develop-pend on the distribution of the labeled precursors at the
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mental process, visible only when the marker is introduced tent with the notion that their allocation coincides with the
segmentation of the territory from which the cerebellum isearly enough (such as in chimeras; but see also Soriano and
Jaenisch, 1986), and not genuine to the Purkinje cell lineage. derived (Otero et al., 1993; Hallonet and Le Douarin, 1993;
Martinez et al., 1991). That this scenario is conceptually onThis conclusion is in keeping with the fact that similar
quanta of some 8±12 precursor cells per side have been target is supported by the recent observation that midbrain
dopaminergic neurons, which originate from the same seg-observed, in studies using chimeric mice, for other neuronal
populations as well, such as neurons of the spinal cord mental territory, and similar to Purkinje neurons undergo
their ®nal mitosis between Days 12 and 15 p.c., also become(Musci and Mullen, 1992), the facial nucleus (Herrup et al.,
1984), or retinal cells (Mintz and Sanyal, 1970). This conclu- determined during this early stage, around Day 9 p.c. (Hynes
et al., 1995).sion would also be concurring with the data presented by
Soriano and Jaenisch (1986) on the allocation of somatic The morphological segmentation of murine midbrain/
hindbrain is tightly linked with segmental expression oflineages in the early mouse embryo. Finally, the observa-
tions of Falconer and Avery (1978) that coherent growth several developmental regulatory genes such as jumonji
(Takeuchi et al., 1995), Pax-2 (Rowitch and McMahon,affects precursor cell estimates may also help to explain the
observation that the number of Purkinje cell precursors and 1995), En-1, En-2, or Wnt-1. Gene ablation experiments
have suggested that the En-2 gene may be critical for de-the size of their descendant clones varies in chimeras
formed between Lurcher mutant mice and various nonmu- termining the molecular identity of cerebellar Purkinje cells
(Millen et al., 1994). Ablation of the En-1 or Wnt-1 genestant mouse strains (Herrup and Sunter, 1986). It has been
observed that the patch size in chimeras appears to correlate results in an essentially complete failure of the cerebellum
to develop (McMahon and Bradley, 1990; Wurst et al., 1994).with the genetic distance between the animals from which
the chimera is formed (Goldowitz, 1989; McLaren, 1976, In view of our present results, it is tempting to speculate
that these genes directly act in the early Purkinje cell lin-Chapter 10).
Our data allow us to put the numerical estimate of Pur- eage and that the cerebellar phenotype seen after their abla-
tion is a consequence of an early failure of Purkinje cellskinje cell precursors in a temporal perspective. This should
help to address a critical issue underlying any analysis of and/or their precursors to develop. A wealth of data suggests
that Purkinje cells act as a master organizing element piv-cell lineage relationships in complex issues, i.e., the identi-
®cation of populations of founder cells. As discussed in de- otal for the organogenesis of the cerebellum (e.g., Sotelo and
Wassef, 1991; Vogel et al., 1989; Zanjani et al., 1994; Wettstail previously (McLaren, 1972, 1976, Chapter 10; Lewis et
al., 1972), an implicit characteristic of founder cells as de- and Herrup, 1982b; Smeyne et al., 1995).
®ned by the binomial statistical approach we used is that
their allocation represents a developmental phase of clonal Topographic Dispersal of Purkinje Cells of Distincttissue expansion during which ``mixing between those cell
Lineagelineages whose descendants will form part of the tissue and
other cell lineages becomes minimal'' (quoted from The differences in the frequencies of G6PDA and G6PDA-
M2 cells in the subdivisions of the cerebellum analyzedMcLaren, 1972). This does not imply that there will be no
mixing within the tissue, as actually shown by the present (left/right, anterior/posterior of the ®ssura prima) highlight
previous observations (Altman and Bayer, 1985; Otero etdata for Purkinje cells. The 129 or so founder cells identi®ed
in the present study are allocated after the inception of X al., 1993; Vogel and Herrup, 1993; Musci and Mullen, 1992;
Napieralski and Eisenman, 1993; Oster-Granite and Gear-inactivation. Around Day 8.5 p.c., several days after X inac-
tivation is initiated, the murine hindbrain becomes mor- hart, 1981; Tano et al., 1992; Oberdick et al., 1993; Mullen,
1978) demonstrating the relative independence of the devel-phologically subdivided into rhombomers, which are con-
sidered to be polyclonal lineage restriction compartments opment of these parts of the cerebellum during the post-
allocation phase of cerebellar differentiation.(Lumbsden, 1990; Birgbauer and Fraser, 1994). The adult
murine cerebellum contains some 163,200 Purkinje cells Our run-test-based analysis of the spatial organization of
Purkinje cells of distinct clonal origin within the cerebellar(C3H strain; Herrup, 1986), which underwent their last mi-
tosis around Day 12 (Days 11±13) p.c. (Miale and Sidman, cortex suggests that their dispersal during development is
not completely random. In two cerebella, the structure con-1961). The cell cycle time within the neural tube of the
mouse prior to Day 12 p.c. has been estimated to range from tained in the data is such as to result in a clearly signi®cant
deviation from a random distribution. In three more ani-7 to 11 hr (for a review, see Korr, 1980), and the cell cycle
time of rat Purkinje cells has been reported to be 9.9 hr mals, the test statistic almost reaches the level of signi®-
cance. The overall conclusion we arrive at is that there is(Schultze et al., 1974). The mode of division of Purkinje cell
precursors (symmetric or asymmetric, or any combination at least some weak order contained in the data. This notion
is in concurrence with previous interpretations (Oster-thereof) is presently not known, but cell death seems not
to play a signi®cant role in determining the ®nal number Granite and Gearhart, 1981; Mullen, 1978), which were
based, however, on much smaller data sets than the one weof Purkinje cells. Thus, considering what is known about
the proliferative kinetics of Purkinje cell neuroblasts and analyzed. In addition, the fact that we were able to include
an analysis of Purkinje cells of distinct G6PD phenotypethe number of Purkinje cells in the mature cerebellum, our
estimate of the number of Purkinje cell precursors is consis- (and hence lineage) in the two-dimensional plane provided
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FIG. 4. Composite overlay of corresponding sections obtained from G6pda/G6pda-m2Neu heterozygous mice stained for G6PD activity and
from mice expressing a L7-lacZ transgene. Two representative reconstructions, each prepared from two matched sections obtained from
G6pda/G6pda-m2Neu heterozygous mice and L7-lacZ transgenic mice, respectively, are shown. They correspond to two horizontal sections
through lobule III about 380 mm apart. G6PDA Purkinje cells are shown as ®lled, and G6PDA-M2 Purkinje cells as open circles. Areas of
L7-lacZ positive Purkinje cells are delineated by boxes shaded in light gray, and the midline is indicated. Compartments de®ned by their
L7-lacZ expression status contain both G6PDA and G6PDA-M2 Purkinje cells, indicating that they are of polyclonal origin. Bar, 500 mm.
us with another means to test this hypothesis and to get at comparison of matched sections from heterozygous G6pda/
G6pda-m2Neu mice with sections from mice expressing b-least some hint as to the formal mechanisms involved in
the dispersal of Purkinje cells in the Purkinje cell layer. galactosidase under control of a truncated, 350-base-pair-
long L7 promoter (Oberdick et al., 1993) indicates that com-While Purkinje cells of either G6PDA or G6PDA-M2 pheno-
type appear randomly scattered throughout the ganglionic partments de®ned by differential L7 expression are indeed
composed of Purkinje cells of both the G6PDA and G6PDA-layer, there seems to be some inhibition (repulsion) between
the two types of cells up to a distance of some 50 mm. This M2 phenotypes (Fig. 4). This implies that the formation of
these compartments is not a simple consequence of theinterpretation is consistent with the results of the run test
analysis. Together, these results indicate that the mixing spatial arrangement of lineage-related Purkinje cells.
Clearly, a more thorough analysis, requiring the direct com-between Purkinje cells of different lineages has not been
complete during the formation of the Purkinje cell layer. parison of both markers within individual cerebella, will be
needed to address the issue of whether and to what extentWhether this re¯ects some physiologically relevant differ-
ence, e.g., in the cell adhesion properties of Purkinje cells lineage contributes to the formation of functional and bio-
chemical Purkinje cell compartments. However, our pres-of different lineage, is presently not clear.
A distinct technical advantage of the X chromosomal lin- ent ®ndings suggest a role for cell±cell communication in
the development of these compartments which must occureage marking system used here is that it may be readily
combined with the analysis of genetic markers de®ning, between the allocation of Purkinje cell precursors (see
above) and before the termination of Purkinje cell migratione.g., Purkinje cell compartments (e.g., Oberdick et al., 1993;
Oberdick, 1994; Hawkes and Gravel, 1991). This would be to their ®nal location (Smeyne et al., 1991; Yuasa et al.,
1993).far more dif®cult with chimeras, and actually impossible
when the Purkinje cell-lethal marker Lurcher is used to
distinguish the two genotypes. As our analysis of tangential
sections suggests, there appears to be no preferential ar- CONCLUSIONS
rangement of cells of like phenotype which would coincide
with known, sagittally oriented Purkinje cell compartments To summarize, the present results establish a model suit-
able to analyze early steps of the development of the Pur-(Hawkes and Gravel, 1991; Oberdick, 1994). A preliminary
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during cerebellar ontogeny in quail-chick chimaeras. Eur. J. Neu-kinje cell lineage. Our data suggest that murine Purkinje
rosci. 5, 1145±1155.neurons originate from a limited pool of some 129 precur-
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